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The biochemical differences between hTMPK and CaTMPK 100
Members of the TMPK enzyme family have been categorized into type I and type II 101 enzymes. Both hTMPK and CaTMPK are type I enzymes [7] . The sequences in P-loop, 102 TMP binding and DR sites in catalysis are highly conserved between CaTMPK and 103 hTMPK ( Fig 1A) . The structure-based alignment (PDB: 5UIV and PDB:1E2D) [12, 13] 104
shows that the Candida-specific Ca-loop starts from Phe107 to Lys108. We have 105 previously developed a series of hTMPK inhibitors [14, 15] . Here, we showed that two 106 compounds, YMU1 and 3b, at 1 µM effectively suppressed hTMPK activity while at 107 10µM having no inhibitory activity to CaTMPK (Fig 1B) . We compared the enzyme 108 activities of CaTMPK and hTMPK. The kinetic parameters of CaTMPK and hTMPK are 109
shown in Table 1 . The kcat of CaTMPK for dTMP was 15-fold higher than that of hTMPK, 110 with similar Km values observed for ATP and dTMP. Thus, the catalytic efficiency of 111
CaTMPK is much higher than that of hTMPK. Taken together, these results suggest that 112 these two TMPKs exhibit distinct properties. 113
114
Table 1. Kinetic parameters of hTMPK and CaTMPK in dTMP-based reaction 115
Reactions were performed as described in Materials and Methods. Different 116 concentrations of dTMP (7.5-500 µM) in the presence of 500 µM ATP or different 117 concentrations of ATP (7.5-500 µM) in the presence of 500 µM dTMP were used to 118 determine Km and kcat using Michaelis- The Ca-loop confers hyperactivity on CaTMPK and determines the growth rate of 122
C. albicans 123
To verify the contribution of the Ca-loop to the catalytic rate of CaTMPK, we generated 124 a Ca-loop-deleted mutant, Δ107-118. Recombinant wild-type and Δ107-118 CaTMPK 125 proteins were purified for activity assays. The 107-118 deletion led to a 70% reduction in 126 activity (Fig 2A) . Because CaTMPK lacking the Ca-loop exhibited decreased activity, we 127 asked whether deletion of this Ca-loop would affect the growth of C. albicans. CaTMPK 128 is the gene product of CDC8. Therefore, we performed CRISPR-mediated deletion of the 129 319-354 region of the CDC8 gene locus (cdc8Δ107-118) in the nonpathogenic C. albicans 130 HLC54 strain [16] . The sgRNA targeting the Ca-loop sequence for Cas9 cleavage and the 131 plasmid pGEX-2T-CaTMPKΔ107-118 as the donor template were cotransformed, 132 followed by selection with nourseothricin (Nat) (S1A and S1B Figs). The selected clone 133 was analyzed by PCR amplification of the region spanning the Ca-loop sequence of the 134 CDC8 gene locus (S1C Fig.) . Sanger sequencing further confirmed that the cdc8Δ107-118 135 clone had a 36-bp in-frame deletion in the Ca-loop (S1D Fig.) . We then compared the 136 growth rates of HLC54 and HLC54 [cdc8Δ107-118] . The results showed that 137 HLC54[cdc8Δ107-118] grew much slower than the parental strain HLC54 (Fig 2B) . Taken  138 together, these results show that the Ca-loop is a critical structural element of CaTMPK 139 in the rate of dTDP formation, which is indeed controlling the growth of C. albicans. 140
141
The Ca-loop allows CaTMPK to use dUMP as a substrate 142
Given the unique structural feature of the dTMP/LID/Ca-loop of CaTMPK, we further 143 asked whether there is a difference in substrate selectivity between hTMPK and CaTMPK. 144
Here, we performed an isotope-labeling-based γ-phosphate transfer assay to analyze the 145 capacity of purified CaTMPK and hTMPK to phosphorylate different dNMPs. As 146 expected, both enzymes were capable of phosphorylating dTMP to dTDP, and dAMP, 147 dGMP and dCMP were not used as substrates by these enzymes (Fig 3A) . However, there 148 was a striking difference in the capability of CaTMPK to transfer γ-32 P-phosphate from 149 ATP to dUMPs, so as 5-FdUMP (Fig 3B) . Analysis of the steady-state kinetics revealed a 150 large difference in the rate of dUMP phosphorylation between hTMPK and CaTMPK (Fig  151   3C ). The kcat of CaTMPK for dUMP was 6-fold higher than that for dTMP, but the catalytic 152 efficiency (kcat/Km) of CaTMPK for dTMP remained higher than that for dUMP (Table 1  153 and Fig 3C) . This finding indicates that CaTMPK normally prefers dTMP as a substrate. 154
However, when the dUMP/dTMP ratio increases, CaTMPK exhibits increased dUDP 155 production. Next, we asked whether the Ca-loop is involved in the utilization of dUMP as 156 a substrate. Similar to the results of the dTMP-based assay, the Δ107-118 was defective 157 in dUMP utilization (Fig 3D) , indicating that the Ca-loop determines the utilization of 158 dUMP as a substrate in the enzymatic reaction. is an S. cerevisiae strain that can grow at 23℃ normally but is not viable at 30℃. The 173 growth of this strain at nonpermissive temperatures was rescued by expression of hTMPK 174 or CaTMPK without a significant difference in growth rate (S2 Fig.) . To avoid 175 complications associated with endogenous cdc8 ts , two strains expressing hTMPK or 176
CaTMPK were further engineered by replacement of cdc8 ts with HIS3. We tested the 177 sensitivity of these two strains to 5-FU. Interestingly, the growth of yeast expressing 178
CaTMPK was obviously suppressed along a gradient increase in 5-FU concentration (0-179 2.5 µM) in agar plates; in contrast, only a slight response was observed in hTMPK-180 expressing yeast (Fig 4A) . To determine whether 5-FU-induced death in the CaTMPK-181 expressing strain was associated with misincorporation of dUTP/5-FdUTP, ung1 was 182 deleted from this strain for the 5-FU sensitivity assay. The results showed that deletion of 183 ung1 allowed the CaTMPK strain to survive in 5-FU-containing medium (Fig 4A) . Similar 184 results were observed in 5-FUrd gradient (0-50 µM) agar plates. A high concentration of 185 5-FUrd was required for suppression of CaTMPK-expressing yeast growth, most likely 186 due to the lower activity of uridine permease than uracil permease in S. cerevisiae. 187
Nevertheless, ung1 deletion abrogated the 5-FUrd response in CaTMPK-expressing yeast. 188
In conclusion, expression of CaTMPK increases the susceptibility of yeast to 5-FU and 5-189
FUrd via dUTP/5-FdUTP-mediated DNA toxicity (Fig 4B) . the Ca-loop of CaTMPK led to markedly reduced growth. This result indicated that the 284 hyperactivity of CaTMPK in dTDP synthesis is an important factor affecting the growth 285 rate of C. albicans. Notably, in this study, we also used the S. cerevisiae expression system 286 to evaluate differences between the effects of hTMPK and CaTMPK on growth and drug 287 sensitivity. Despite the considerable differences in catalytic rates, the growth rates of S. 288 cerevisiae expressing CaTMPK and hTMPK were very similar. This observation is 289 consistent with a previous report that demonstrated that decreased thymidylate kinase 290 activity did not affect the growth of S. cerevisiae [30] . Apparently, C. albicans and S. 291 Lactate dehydrogenase were from Sigma Aldrich. Nourseothricin (Nat) was purchase 331 from Jena Bioscience. 332
Plasmids construction 333
C. albicans CDC8 in pUC57 was purchased from GenScript (#5001191-1). Due to the 334 difference in CTG codon usage for serine in C. albicans and leucine in E. coli and S. 335 cerevisiae, the expression of CDC8 gene in E. coli and S. cerevisiae would cause S68L 336 mutation. This codon of CDC8 gene was mutated to TCG by site-directed mutagenesis to 337 maintain the correct protein sequence termed CaTMPK when expressed in E. coli and S. 338 cerevisiae. CaTMPK and hTMPK cloned to pGEX-2T were used to produce recombinant 339 protein CaTMPK and hTMPK in E. coli. CaTMPK deleted of 107-118 amino-acid were 340 generated by site-directed PCR mutagenesis in pGEX-2T-CaTMPK. For expression in S. 341 cerevisiae, PCR-amplified hTMPK and CaTMPK fragments were each cloned to pRS416 342 plasmid (a gift from M.Y Chen, National Yang-Ming University, Taiwan) containing the 343 TEF1 promoter and CYC1 terminator. The plasmid pV1025 and pV1090 (kindly provided 344 by Valmik K. Vyas, Cambridge) were used for CRISPR genome editing in C. albicans. 345
The plasmid pV1090-17 carrying sgRNA sequence targeting CDC8 in C. albicans was 346 cloned at BsmBI restriction sites of the plasmid pV1090, and the plasmid pV1025 contains 347
Cas9 for expression in C. albicans. Plasmids and primers in this study are listed in Table  348 S3 and Table S4 . loop deletion in endogenous CDC8 locus, donor template (378bp) were amplified from 366 the plasmid pGEX-2T-CaTMPKΔ107-118 and purified for transformation along with 367 linearized pV1090-17 and pV1025. The transformants were spread on YPD plate 368 containing Nat at 250 µg/ml and incubated at 30℃ for 3 days. The colonies grown on Nat 369 plate were isolated for genomic DNA extraction followed by PCR examination. All strains 370 in this study are listed in Table S2 . 371
Purification of recombinant proteins 372
pGEX-5X-HSV-TK1, pGEX-2T-hTMPK and pGEX-2T-CaTMPK (WT/Ca-loop mutants) 373
were each transformed into E. coli BL21 strain. A single clone was inoculated in 15 ml of 374 LB broth and cultured overnight at 37°C. 10 mL of the overnight culture was dilute to 375 1000 mL and cell growth was continued at 37°C until OD600 reached 0.5. To induce 376 hTMPK and CaTMPK expression, IPTG (isopropyl β-D-1-thiogalactopyranoside) was 377 added to a final concentration of 0.5 mM and the culture was incubated for another 3.5 378 hours at 37°C and 32°C, respectively. For HSV-TK1 induction, 0.5 mM IPTG was added, 379 and culture was incubated at 27°C for 16 hr. Cells were harvested by centrifugation and 380 re-suspended in 20 mL of lysis buffer containing 1% NP40, 50 mM Tris-HCl pH7.5, 150 381 mM NaCl, 5 mM MgCl2, 1 mM DTT, 1mM PMSF and 1 mM protease cocktail before 382 being disrupted by sonication. Following centrifugation, 2 mL of glutathione Sepharose 383 beads was added to the clarified cell lysate and incubated with gentle shaking at 4°C for 384 1.5 hours. Beads were washed five times with a buffer containing 0.5% NP40, 50 mM 385
Tris-HCl pH7.5, 150 mM NaCl, 5 mM EDTA, 1 mM DTT, 1mM PMSF and 1 mM 386 protease cocktail. The GST-tag was then cleaved from the target proteins by thrombin. 387
In vitro activity assay (NADH-coupled assay) 388
Activity assay was measured using spectrophotometric method by coupling ADP 389 formation to the oxidation of NADH catalyzed by pyruvate kinase and lactate 390 dehydrogenase. Reaction mixture for each set in 100 µL was contained 500 µM ATP, 500 391 µM dTMP (for measurement of dUMP activity, 2 mM ATP and 10 mM dUMP),100 mM 392
Tris-HCl, 100 mM KCl and 10 mM MgCl2, 500 µM Phosphoenolpyruvate, 250 µM 393 NADH, 4 unit of pyruvate kinase and 5 unit of lactate dehydrogenase. Reaction was 394 initiated by adding purified proteins (0.4 µg hTMPK or 0.015 µg CaTMPK) and was 395 measured the reduction of NADH by 340 nm. For hTMPK inhibitor assay, both of hTMPK 396 (0.4 µg) and CaTMPK (0.015 µg) were preincubated with compounds at indicated 397 concentrations for 10 min, followed by adding reaction mixtures as described above and 398 measuring OD340. The Km for dTMP and dUMP were measured by various concentrations 399 of substrates using 500 µM ATP (2 mM for dUMP). This concentration was followed 400 previous work [15] . The Km for ATP was measured by varying concentrations using 250 401 µM dTMP. The Km values were obtained by fitting Michaels-Menten equation. 402
P-phosphate transfer assay 403
The substrate selectivity of hTMPK and CaTMPK were measured by For plates with fixed concentrations of drug, the cultures were adjusted to 0.1 by OD600, 436 then serial diluted with five-fold before spotted on plates. The plates were incubated at 437 30℃ for 2-3 days. 438
Statistical analysis 439
Data are presented as the mean ± standard error of the mean. Statistical comparison 440 of means was performed using a two-tailed unpaired Student's t-test. CaTMPK activity, which was set to 100%. The results represent the mean ± SD, n=3. P-581 values were determined by Student's t-test (***P<0.001). 582 
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